I Ks − ), we pinpointed the lack of the Kir2.1-encoded inwardly rectifying K + current (I K1 ) as the single mechanistic contributor to the observed immature electrophysiological properties in hESC-CMs. Forced expression of Kir2.1 in hESC-CMs led to robust expression of Ba 2+ -sensitive I K1 and, more importantly, completely ablated all the proarrhythmic action potential traits, rendering the electrophysiological phenotype indistinguishable from the adult counterparts. These results provided the first link of a complex developmentally arrested phenotype to a major effector gene, and importantly, further led us to develop a bio-mimetic culturing strategy for enhancing maturation. Conclusions-By providing the environmental cues that are missing in conventional culturing method, this approach did not require any genetic or pharmacological interventions. Our findings can facilitate clinical applications, drug discovery, and cardiotoxicity screening by improving the yield, safety, and efficacy of derived CMs. (Circ Arrhythm Electrophysiol. 2013;6:191-201.)
L oss of nonregenerative, terminally differentiated cardiomyocytes (CMs) is irreversible; myocardial repair is further hampered by a severe shortage of donor cells and organs. CMs can be differentiated from human embryonic stem cells (hESCs) that can propagate indefinitely in culture while maintaining their pluripotency. [1] [2] [3] [4] [5] [6] [7] [8] [9] Therefore, hESCs may provide an unlimited ex vivo source of CMs for clinical application and drug testing. Whereas existing efforts mostly focus on the derivation of heart cells from hESCs, it is imperative that these derived CMs are functionally mature in ways similar to their adult counterparts before the desired therapeutic outcome can be achieved. In fact, hESC-CMs exhibit embryonic-or fetal-like electrophysiological properties. 2, 9, 10 For instance, hESC-derived ventricular CMs exhibit spontaneously firing action potentials (AP), in contrast to the normally quiescent-yet-excitable phenotype of adult. Indeed, we previously demonstrated that transplantation of a node of electrically active hESC-CMs, consisting of a mixture of ventricular, atrial, and nodal cells, could collectively serve as a surrogate pacemaker in vitro and in vivo. 5 Thus, immature hESC-CMs are potentially arrhythmogenic after transplantation. Recently, more efficient methods for directed cardiac differentiation have been established. Although it is well accepted that their cardiac derivatives are similarly functionally immature, their electrophysiology has not been systematically Background-Human embryonic stem cells (hESCs) can be efficiently and reproducibly directed into cardiomyocytes (CMs) using stage-specific induction protocols. However, their functional properties and suitability for clinical and other applications have not been evaluated. Methods and Results-Here we showed that CMs derived from multiple pluripotent human stem cell lines (hESC: H1, HES2) and types (induced pluripotent stem cell) using different in vitro differentiation protocols (embryoid body formation, endodermal induction, directed differentiation) commonly displayed immature, proarrhythmic action potential properties such as high degree of automaticity, depolarized resting membrane potential, Phase 4-depolarization, and delayed afterdepolarization. Among the panoply of sarcolemmal ionic currents investigated (I Na Understanding their electrophysiology is critical for the safety of clinical application, since abnormal pulse formation and reentry of APs can be arrhythmogenic. Moreover, there is a need to develop protocols for rescuing the immature phenotypes for their eventual clinical and other applications (eg, cardiotoxicity screening and heart disease models that accurately reflects the adult heart).
Methods

Culture and Directed Differentiation
HES2 human ESC line (ESI, Singapore) was cultured and differentiated by coculturing with the immortalized endoderm-like END2 cells as previously reported. 2, 7 H1 human ESC line (WiCell, Madison, WI) was cultured and differentiated by embryoid body (EB) formation 1, 8, 9 as described previously. Human induced pluripotent stem cells (iPSC ES4skin-clone 3), a kind gift from Dr. James Thomson (Wisconsin, Madison), were also maintained as described. 11 IPSC-CMs were derived via EB formation following the H1 hESC differentiation protocol. D3 murine ESCs were cultivated and differentiated into spontaneously beating CMs as previously described. 12 For directed differentiation (dd) of HES2 hESCs into the cardiac lineage, cardiogenic EBs (or mesodermal cardiospheres) were generated for 24 hours in the presence of 0.5 ng/mL bone morphogenetic protein (BMP) 4 in STEMPRO 34 media as described. 13 From days 1 to 4 the EBs were induced with 10 ng/mL BMP4, 5 ng/mL basic fibroblast growth factor (bFGF), and 3 ng/mL activin A, and then from days 4 to 8 they were cultured in 150 ng/mL DKK1 and 10 ng/mL vascular endothelial growth factor. From day 8 onwards the EBs were maintained in the presence of 10 ng/mL vascular endothelial growth factor, and 5 ng/mL bFGF. Cultures were maintained in a 5% CO 2 /5% O 2 /90% N 2 environment for the first 10 to 12 days and were then transferred into a 5% CO 2 /air environment. Directed differentiation typically results in aggregates consisting of 40% to 50% CMs as assessed by expression of cardiac troponin T using FACS. For driven maturation, ddhESCs-CMs of 24 to 28 days were plated for electric stimulation at 2.5 V/cm with 5 ms pulse width at 1 Hz for 14 days before experiments.
Adenovirus-Mediated Gene Transfer of Single Derived CMs
The full-length coding sequence of human Kir2.1 was cloned into the multiple-cloning site of pAd-CMV-IRES-GFP (pAd-GFP) to generate pAd-CMV-GFP-IRES-Kir2.1 (pAd-Kir2.1), where GFP allows for identification of positively transduced cells. Adenoviruses were generated by Cre-lox recombination of purified ψ5 viral DNA and shuttle vector DNA as previously described. 14 The recombinant products were plaque purified, expanded, and purified by CsCl gradient, yielding concentrations on the order of 10 10 plaque-forming unit (PFU)/mL. For transduction, adenoviral particles were added to single ddhESC-CMs (20~25 days), EB-hESC-CMs (7+14~21days), END2-hESC-CMs (16~20 days), EB-iPSC-CMs (7+21~24days), and EB-mESC-CMs (7+4 days) at a concentration of ≈2×10 9 PFU. 15
Electrophysiology hESC-and hiPSC-CMs were dissociated into single cells with 1 mg/mL collagenase II and plated on 0.1% gelatin-coated glass coverslips. Electrophysiological experiments were performed using whole-cell patch-clamp technique with an Axopatch 200B amplifier and the pClamp 9.2 software (Axon Instruments Inc., Foster City, CA). Pipette solution was consisted of the following (in mmol/L): 110 K + aspartate, 20 KCl, 1 MgCl 2 , 0.1 Na-GTP, 5 Mg-ATP, 5 Na 2phospocreatine, 1 EGTA and 10 HEPES, with pH of 7.3. The external Tyrode's solution consisted of the following (in mmol/L): 140 NaCl, 5 KCl, 1 CaCl 2 , 1 MgCl 2 , 10 glucose, and 10 HEPES with pH of 7.4. Voltage-and current-clamp recordings were performed at 37°C within 24 to 48 hours after adenovirus transduction. ESC-CMs were categorized into pacemaker, atrial, or ventricular phenotypes based on the maximum diastolic potential (MDP), maximum rate of rise of the AP, and AP duration (APD). In general, pacemaker cells always generated spontaneous APs exhibiting a more depolarized MDP, slower maximum rate of rise, and the shortest APD. Atrial cells with a triangular AP profile have a faster rate of rise than pacemaker cells, more hyperpolarized MDP or resting membrane potential (RMP), and intermediate APD. Ventricular cells have the most hyperpolarized MDP or RMP, a fast rate of rise, and the longest APD that exhibited a prolonged AP phase 2. Different protocols as given in insets were used to elicit the corresponding currents. Nifedipine (5 mmol/L), tetrodotoxin (TTX; 30 mmol/L), Ba 2+ (1 mmol/L), ZD7288 (30 mmol/L), E4031 (10 mmol/L), and Chromanol 293B (30 mmol/L) were used to define the I CaL , I Na , I K1 , I f , I Kr , and I Ks , respectively. All blockers were purchased from Sigma.
Formulation of Cardiac Electrophysiology Mathematical Model
Ionic currents and membrane potential of ventricular CMs were formulated based on an embryonic chick ventricular cell model 16 and according to the algorithms that we previously reported. 17 In our model, the 6 ionic currents initially included based on previous reports 18 were slow inward Ca 2+ current (I Ca ), slow delayed K + current (I Ks ), rapid delayed rectifier K + current (I Kr ), pacemaker current (I f ), background current (I b ), and seal-leak current (I seal ). The kinetics of the currents was derived empirically from experimental data. 16 I K1 was absent in our base model to simulate our experimental data and subsequently manipulated to predict the effects of Kir2.1 overexpression. The computations were performed in Matlab (Mathworks, Natick, MA) using a variable order ordinary differential equation solver plus a built-in backward-difference method, with relative tolerance of 10 -8 and absolute tolerance of 10 -4 .
Confocal Ca 2+ Imaging
Single-cell Ca 2+ transients of Fluo-4-loaded ddhESC-CMs were recorded with a spinning disk confocal microscope (Yokogawa CSU10) at ≈180 frames per second with a 40× microscope objective at room temperature in Tyrode's solution consisting of the following (in mmol/L): 140 NaCl, 5 KCl, 1 MgCl 2 , 2 CaCl 2 , 10 glucose, and 10 HEPES at pH 7.4. Ca 2+ transients were elicited by a field stimulator at 0.2 Hz and 40 V with 90-ms pulse duration. The Ca 2+ transient changes were quantified by the background subtracted fluorescent intensity changes normalized to the background subtracted baseline fluorescence using Image J.
Quantitative PCR
mRNA was extracted from derived CMs using RNeasy Kit (Qiagen, Valencia, CA). cDNA were reverse transcribed from mRNA using Quantitect Reverse Transcription Kit (Qiagen). Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen) was used for qPCR analysis with a BioRad iCycler (BioRad, Hercules, CA). The expression level was normalized relative to GAPDH using the ΔΔC T method.
Transmission Electron Microscopy
Unpaced control and electrically conditioned beating cardiospheres from 2 separate differentiation batches were manually dissected out, then fixed with Karnovsky fixative at room temperature. Specimens were further fixed with 1% oxmium tetroxide for 90 min. After acetone dehydration, the specimen were infiltrated with epoxy resin and allowed to polymerize at 70 o C overnight. Sections 60 nm thick were stained with uranyl acetate. A total of 15 unpaced control and 13 electrically conditioned cells were imaged with a FEI/Philips CM120 TEM (Philips/FEI, Endhoven, Netherlands).
Statistics
Data are shown as mean±SEM. Unpaired Student t test or chisquare (χ 2 ) test were used for statistical analysis, where P<0.05 was considered statistical significant.
Results
Pro-Arrhythmic Properties of Derived CMs Are Independent of Cardiogenesis Protocol and Origin of Stem Cell Lines
Single ddhESC-CMs from cardiogenic EBs differentiated for 20 to 25 days were electrophysiologically assessed by wholecell patch-clamp techniques. The ddhESC-CMs were classified by their ability to generate AP into spontaneously firing and quiescent ddhESC-CMs, and also classified into CM subtypes by the observed signature ventricular, atrial, and pacemaker APs ( Figure 1A ). Unlike healthy adult CMs, 26% of all ddhESC-CMs displayed a high degree of automaticity or spontaneous firing of APs ( Figure 1C ). Although the remaining ddhESC-CMs were quiescent, stimulation could elicit a single AP characteristics of ventricular or atrial subtype ( Figure 1A , right), indicating that their excitability remained intact; however, these quiescent-yet-excitable ddhESC-CMs displayed a prominent phase 4-like depolarization ( Figure  1A , arrows), a known proarrhythmic triggering substrate that is also not seen in mature contractile adult CMs. [19] [20] [21] The ddhESC-CM population overall exhibited a distribution of 42% ventricular, 53% atrial, and 5% pacemaker CMs ( Figure  1B; n=70 ). Delayed-after depolarization (DAD) was observed in 23% of quiescent ventricular ddhESC-CMs ( Figure 1D ). Furthermore, the RMPs were significantly more depolarized (cf. Figure 4E ) than ≈−80mV typical of normal adult [19] [20] [21] and comparable with ≈−53mV typical of immature human fetal ventricular CMs of 18 weeks (our unpublished data).
Given the potential for myocardial repair, we next focused on analyzing ventricular ddhESC-CMs. To understand the electrophysiological basis of the observed AP phenotypes, we functionally profiled the individual ionic components present ( Figures 1E and 2 ). Ventricular ddhESC-CMs robustly expressed I Na , I CaL , and I to , 13 which are comparable with adult ventricular CMs. I f that is typically not seen in healthy adult ventricular CMs (except in immature or pathophysiological states such as hypertension and heart failure) was highly expressed in both atrial and ventricular ddhESC-CMs with a higher current density for the atrial relative to ventricular subtype, but their steady-state activation curves were identical (Figure 2A and 2B). I CaL was present at higher current density in ventricular relative to atrial ddhESC-CMs with similar steady-state inactivation properties ( Figure 2C and 2D). However, the inwardly rectifying K + current (I K1 ) and slow (I Ks ) components of the delayed rectifier that are present in high current density in adult CMs for repolarization were not present in ventricular ddhESC-CMs. Although not as robust as the adult counterpart, the rapid component of the delayed rectifying K + current (I Kr ) was expressed in both atrial and ventricular ddhESC-CMs with a slightly higher current density in the latter ( Figure 2F ).
Inductive interactions among the three primitive germ layers figure prominently in embryogenesis, 22 the first step of ddhESC-CMs derivation involved directed mesodermal differentiation. 13 Considering the method of induction as well as the specific hESC line may influence the type of CMs that develops, 23 we next examined and compared electrophysiology of hESC-CMs derived by 2 distinct methods: (1) endodermal induction with END2 coculturing of the HES2 (END2-hESC-CMs) 2 and (2) EB formation of the H1 hESC lines (EB-hESC-CMs). 1 Like the ddhESC-CMs, immature AP properties such as automaticity, phase 4-like depolarization, depolarized RMP, the presence of DAD and I f , and the absence of I K1 were all commonly observed in both END2-( Figure 3A -3C) and EB-hESC-CMs ( Figure 3D ). Even human induced pluripotent stem cell 11 (iPSC)-derived CMs by EB formation behaved similarly ( Figure 1F ). Taken together, these data suggest that the immature, proarrhythmic AP properties are genuine developmental hallmarks of early stage human CMs derived in vitro. Unfortunately, derived CMs failed to mature further, even after culturing for >100 days. 24 These data hint at the intriguing possibility that a crucial physical component that drives hESC-CM maturation in vivo is missing in the conventional method of in vitro culture.
I K1 Is a Major Mechanistic Contributor to the Immature AP of hESC-CMs
In normal fetal CM development, one of the major electrophysiological changes is a progressive increase in I K1 and concomitant reduction in I f . 25 In heart failure, the fetal gene program is reinitiated in adult CMs to cause electric remodeling, 26 such that I K1 becomes downregulated whereas I f is reciprocally upregulated, thereby predisposing the afflicted individuals to lethal arrhythmias. Along this line, our data collectively hint at 3 possible mechanisms for the immature AP phenotypes: the presence of I f , the absence of I K1 , or both. To understand the basis of electric immaturities and thereby develop a strategy for maturing and eliminating the undesirable proarrhythmic traits of derived CMs, we next performed an in silico analysis of their AP profiles ( Figure 4A ). 16, 17 By incorporating all the ionic components identified ( Figure 1E ), our ventricular model sufficed to reproduce the experimentally determined AP parameters. When the maximum conductance of I K1 (G K1 ) was increased from 0, the experimentally observed level, to 3.6 nS (ie, 1/8 of that of adult ventricular cells) and subsequently to 7.2 nS, the firing rate decreased accordingly. When G K1 was 10.8 nS or higher, the spontaneous firing ceased along with RMP hyperpolarized to the adult level; these I K1 -silenced cells remained excitable and could generate a normal ventricular AP when triggered by a stimulus. Silencing could not be achieved by I f suppression alone; thus, according to our model, the absence of I K1 appears to be a major mechanistic contributor of proarrhythmic automaticity.
To experimentally test our mathematical modeling results, we generated the recombinant adenovirus Ad-CMV-GFP-IRES-Kir2.1 (or Ad-Kir2.1) to mediate the expression of Kir2.1 channels that underlie I K1 . 27 In contrast to untransduced or Ad-GFP-transduced I K1 -negative control, Ad-Kir2.1transduced ventricular ddhESC-(n=7) and END2-hESC-(n=13) CMs robustly expressed Ba 2+ -sensitive I K1 (Figure 4B , 4C, and 4G). More importantly, the percentages of quiescent ventricular ddhESC-and END2-hESC-CMs dramatically increased to 100% ( Figure 4D ; P<0.05) with their RMP significantly hyperpolarized (P<0.05, Figure 4E ) to the adult level (P>0.05). Ad-Kir2.1-silenced cells remained excitable and could generate a single AP on stimulation, but most importantly, the phase 4-like depolarization was completely eliminated ( Figure 4B and 4C, arrow) . Interestingly, Ad-Kir2.1-silenced ventricular ddhESC-CMs reverted back to the spontaneously firing phenotype after addition of an I K1 blocker, Ba 2+ ( Figure 4F ). Kir2.1 expression also sufficed to mature the AP profiles of atrial ddhESC-and END2-hESC-CMs ( Figure 5 ).
Similar to their human counterparts, murine (m) ventricular and atrial ESC-CMs exhibited comparably immature 
Physiological Pacing Facilitates Maturation of hESC-CMs In Vitro
Despite our achievement of electric maturation, Ad-Kir2.1matured CMs continued to exhibit immature Ca 2+ -handling properties with smaller peak Ca 2+ transient amplitudes and slow kinetics that are comparable with the control group ( Figure IV in the online-only Data Supplement). 28 Indeed, the expression levels of sarcomeric genes, such as myosin heavy chain (MHC)α, MHCβ, myosin light chain (MLC)2a, and MLC2v, of the Kir2.1-silenced ddhESC-CMs even became significantly suppressed relative to control ddhESC-CMs (P<0.05; Figure 4G ). Given that sarcomeric proteins of the developing heart are known to respond to changes in contractions, 29 our observation could be attributed to the lack of spontaneous beating activities of ddhESC-CMs in culture after Kir2.1-induced cessation of active contractions, which in turn led to the downregulation of the contractile apparatus. Indeed, in developing neurons, Kir2.1 expression can alter their excitability by escalating in response to extrinsic excitation via an activity-dependent mechanism to mediate synaptic plasticity. 29, 30 To test whether electric activity likewise affects Kir2.1 expression in developing ddhESC-CMs, we mimicked endogenous pacing of adult heart by systematically field-stimulating cells in culture with electric pulse of 2.5 V/ cm at 5 ms pulse duration and 1 Hz frequency for 14 days. We hypothesized that (1) electric conditioning of ddhESCCMs suffices to promote in vitro electrophysiological maturation, and that (2) the pacing-induced regular contractions can facilitate maturation of Ca 2+ -handling and contractile properties in a manner similar to the fetal heart development. Our experiments showed that this was indeed the case. Both electrically conditioned ventricular and atrial ddhESC-CMs were 100% quiescent with absence of phase 4-depolarization ( Figure 6A, arrows; n=11) . Moreover, the RMPs of the atrial and ventricular ddhESC-CMs were significantly hyperpolarized (P<0.05). Such a mature AP phenotype was Figure 6A ). Compared with unpaced controls, electrical conditioning similarly augmented both the electrically induced Ca 2+ transient amplitude ( Figure  6B ; P<0.05) and sarcoplasmic reticulum Ca 2+ load as shown by caffeine-induced Ca 2+ transients ( Figure 6C ; P<0.05) of ddhESC-CMs. Consistently, the expression levels of Ca 2+handling proteins typically present in adult CMs but absent or barely expressed in hESC-CMs such as calsequestrin (CSQ), junctin (Jct), and triadin (Trdn) 28 as well as the t-tubule biogenesis proteins caveolin-3 (Cav3) and amphiphysin-2 (Amp2) all increased ( Figure 6D and 6E) . Consistent with an increase of ddhESC-CMs with maturing ventricular phenotype, electrical conditioning also resulted in a decrease of the atrial natriuretic factor (ANF) ( Figure 6E ). More importantly, the contractile proteins MHCα, MHCβ, MLC2a, and MLC2v of electrically conditioned ddhESCCMs were significantly upregulated ( Figure 6F ) relative to the control cells. In addition, the myofilaments became consistently more structured and organized as shown by transmission electron microscopy (TEM; Figure 6G , see Figure V 
Time, Age, and Frequency Dependence of the Promaturation Effect of Electrical Conditioning
To obtain a better understanding, we next investigated the roles of the duration of cell exposure to field stimulation, age of hESC-VCMs when subjected to electrical conditioning, and stimulation frequency (0.5 Hz-2 Hz) in the pro-maturation effect of electrical conditioning on hESC-VCMs. When compared with day 0 control, Kir2.1 expression of early-stage (20-25 days old) hESC-CMs was not different after electric stimulation (at 1 Hz) for 7 days but became time-dependently increased at day 14 and further elevated at day 21 by ≈1.7-fold ( Figure 7A) . When stimulated at 1 Hz, later-stage (40-50 days old) hESC-CMs displayed ≈3-fold higher expression levels, but such increases were not statistically different between days 7 and 21, unlike the early-stage counterpart ( Figure 7B ). Figure 7C shows that when pacing of early-stage hESC-CMs was ceased after stimulating for 14 days, Kir2.1 expression declined after 7 days, indicating that continuous stimulation was needed to maintain or augment the gained expression. Furthermore, electrical conditioning at 1 Hz of early-stage hESC-CMs for 14 days led to 2.3-and 1.9-fold higher Kir2.1 expression than 0.5 and 3 Hz, respectively. Collectively, these results indicate that our mechanism-based approach sufficed to induce maturation in ddhESC-derived CMs.
Discussion
Although conceptually promising as an unlimited source, a number of fundamental hurdles need to be overcome before the use of derived CMs from hESCs or patient-specific iPSCs for clinical and other applications can be realized. It is well accepted that hESC-CMs are electrophysiologically immature, but the underlying mechanisms remain largely unknown. Indeed, multiple ionic currents in hESC-CMs behave differently from those of adult. In this study, we investigated various pluripotent stem cell line-derived CMs as well as different methods of cardiogenic differentiation methods. Our data collectively demonstrate that the observed immature electrophysiological properties are independent of the specific pluripotent stem cell types and lines, differentiation protocols, as well as species, suggesting that a crucial environmental cue might be missing in the in vitro culturing system thereby leading to the artifactual developmental arrest.
Critical Role of I K1 in the Maturation of hESC-CMs
For maintaining an electrophysiologically stable phenotype with a hyperpolarized resting membrane potential close to the reversal potential of K + , an I K1 magnitude of ≥50% that of adult ventricular CMs is required. Although the I K1 magnitude of hESC-CMs has been shown to increase with prolonged culture of 100 days post-differentiation, 24 the current density in these aged cells is still below the threshold for attaining a mature ventricular electrophysiological phenotype. 31 Therefore, it is impractical to maintain the cells for >100 days to achieve only a slight, if not entirely insignificant, improvement for clinical and other applications. Our goal here is to design strategies to effectively drive their maturation. By first exploring the basis that underlies the observed electrophysiological immaturities, we identified the lack of I K1 as one of the major mechanistic contributors of cellular automaticity. Forced expression of Kir2.1 channels in hESC-CMs alone sufficed to completely eliminate all the immature and proarrhythmic traits and thereby reproducing the adult AP phenotype. Although Ad-Kir2.1matured hESC-CMs corrected automaticity immaturity, these cells continued to exhibit immature Ca 2+ -handling properties. Moreover, these quiescent cells have reduced expression of contractile proteins, MHCa, MHCb, MLC2a and MLC2v, as quantified by qPCR. Similarly, our recent publication demonstrated overexpression of CSQ, a high-capacity but low-affinity Ca 2+ -binding protein in the SR that is abundant in adult but completely absent in hESC-CMs, does indeed mature Ca 2+ transients of hESC-CMs; however, it failed to mature other functional aspects such as their AP properties. 32 Therefore, correcting a single gene at a time in immature hESC-CMs through viral transduction is insufficient and not effective in achieving excitation-contraction (E-C) maturation for eventual clinical applications.
Mechanisms Underlying the Increased Maturation by Electrical Stimulation
Considering our collective data and the tight E-C coupling between electrophysiological and Ca 2+ -handling properties, we hypothesized that rhythmic electrical conditioning of hESC-CMs in vitro to mimic endogenous pacing may achieve E-C maturation through the following: (1) chronic pacing with field-stimulation may induce ion channel expression changes, and (2) pacing-induced active contractions of electrically silenced hESC-CMs with mature APs can in turn facilitate Ca 2+ -handling and contractile maturation in a manner similar to the normal fetal heart development. Of note, although immature hESC-CMs do spontaneously fire APs and contract, we conjecture that these activities may be too weak, unsustained, and sporadic in comparison with the physiological levels for effective facilitation of maturation in vitro. Consistent with our hypotheses, electric conditioning robustly led to many aspects of cellular maturation of hESC-CMs, including electrophysiological maturation without phase 4-depolarization similar to Kir2.1 gene transfer, Ca 2+ -handing maturation with increased peak Ca 2+ transient amplitude and SR Ca 2+ load, structured organization of myofilaments, as well as an upregulation of contractile and t-tubule biogenesis proteins. Although the short-term electrical conditioning did mature numerous aspects of CM functions relative to control, the resting membrane potential of electrically conditioned ventricular ddhESC-CMs is still ≈10mV more depolarized, with smaller peak Ca 2+ transient amplitude and slower kinetics, than that of adult ventricular CMs. Future studies will be required to optimize physical parameters of electrical conditioning such as the voltage pulse, pulse duration, and frequency for maximized facilitating effect.
Our observations were qualitatively similar in some ways to what has been observed in rodent CMs. For instance, neonatal rat and ESC-like P19 mouse embryonic carcinoma cell (ECC)-derived CMs stimulated to actively contract by pulsed electric field can self-align sarcomeres leading to improved contractility. 33, 34 Mechanistically, we speculate that the rhythmic field-stimulations of hESC-CMs that otherwise intrinsically beat at low or irregular frequency may result in cyclic increase in intracellular Ca 2+ concentration, which can increase their averaged Ca 2+ residence time. Such an increase in intracellular Ca 2+ may in turn contribute to the maturation effect observed via the second messenger system (eg, by activating the calcineurin-NFAT pathway). [35] [36] [37] [38] Moreover, stretch of hESC-CMs from active contractions may also All bar graphs shown as mean±SEM with * denoting statistical significance (P<0.05). G, Typical transmission electron microscopy images of myofilaments in unpaced (n=15) and electrically conditioned (n=13) ddhESC-CMs showing distinct z-lines (arrows). February 2013 increase I K1 as previously shown in other cell type. 39 Our future direction includes blocking independently the various Ca 2+ influx pathways and decoupling cellular excitation from contraction to examine the involvement of mechanical contractions for dissecting out the underlying mechanisms of facilitated maturation in hESC-CMs. Furthermore, the optimal time for introducing the electric stimulus and whether electric conditioning-matured hESC-CMs will dedifferentiate remain to be elucidated and are also the direction of our future research.
Significance of Cell Maturation In Vitro Before Transplantation
More immature stem cell-derived CMs has been suggested to be more ischemic-resistant and tolerant to the hypoxic environment after transplantation. 40 The in vivo environment has also been demonstrated to induce electrophysiological maturation of immature CMs comparable with the host cells after transplantation but only for those that have fully integrated with the host cells. 41 Those transplanted CMs without electric coupling remains electrophysiologcially immature, which can be arrhythmogenic as demonstrated in the present study. Therefore, it is also imperative to find a balance between safety and efficacy by defining what maturation status is best for in vivo transplantation since immature and mature hESC-CMs likely respond differently to ischemic and hypoxic environment. Eliminating intrinsic triggers for arrhythmia of the hESC-CMs to ensure no additional electrophysiological complications from their presence is of critical importance. The safety of these cells must be addressed before pondering their potential benefits to the recipient.
The strategy reported here, developed by first obtaining an understanding of the cellular differences and the underlying mechanisms, offers a simple nongenetic way to facilitate the E-C maturation of otherwise developmentally arrested derived CMs, thereby eliminating significant undesirable immature proarrhythmogenic traits. Furthermore, the successful use of derived CMs as human heart disease models and cardiotoxicity screening tools depends on their ability to recapitulate the properties of their adult counterparts. In combination with other advances in directed differentiation and cardiovascular progenitor identification, 13, 42, 43 our approach can facilitate the clinical translation and enable more accurate human heart disease modeling, drug discovery, and cardiotoxicity screening. 
